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Abstract. Electromagnetic streaming instabilities of multicomponent collisional magne-
tized accretion disks are studied. Sufficiently ionized regions of the disk are explored where
there is strong collisional coupling of neutral atoms with both ions and dust grains simulta-
neously. The steady state is investigated in detail and the azimuthal and radial background
velocities of species are calculated. The azimuthal velocity of ions, dust grains, and neutrals
is found to be less than the Keplerian velocity. The radial velocity of neutrals and dust
grains is shown to be directed inward of the disk. The general solution for the perturbed
velocities of species taking into account collisions and thermal pressure is obtained. The
effect on the collisional frequencies, due to density perturbations of charged species and neu-
trals, is included. It is shown that dust grains can be involved in the fast electromagnetic
perturbations induced by the ions and electrons through the strong collisions of these grains
with neutrals that in turn have a strong collisional coupling with the ions. The dispersion
relation for the vertical perturbations is derived and its unstable solutions due to different
background velocities of ions and electrons are found. The growth rates of the streaming
instabilities considered can be much larger than the Keplerian frequency.
Subject headings: accretion, accretion disks instabilities, magnetic fields, plasma-waves
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1. Introduction
Protostellar and protoplanetary accretion disks are known to contain submicron- and
micron-sized solid particles (dust grains) (e.g., Beckwith & Sargent 1996; Isella et al. 2006;
Besla & Wu 2007; Quanz et al. 2007; Pinte et al. 2007). The presence of dust grains
is common in these and other astrophysical and cosmic objects, such as, molecular and
interstellar clouds, planetary and stellar atmospheres, planetary rings, and cometary tails
(Spitzer, Jr. 1978; Goertz 1989; Havnes et al. 1996; Wardle & Ng 1999; Rotundi et al.
2000). Dust is contained in various plasmas of both research and technological importance
(Merlino & Goree 2004). In space, dust grains vary widely in sizes, from submicrons up to
1 cm and more. Dust particles in both space and the laboratory acquire an electric charge
due to cosmic-ray, radioactive or thermal ionization of the ambient gas, photoionization,
absorption of electrons and ions from the background plasma, the presence of electron and
ion currents, thermoionic emission, and secondary ionization (Hayashi 1981; Whipple 1981;
Meyer-Vernet 1982; Chow et al. 1993; Barkan et al. 1994; Melzer et al. 1994; Mendis &
Rosenberg 1994; Thomas et al. 1994; Hora´nyi 1996; Fisher & Duerbeck 1998; Fortov et al.
1998). The polarity of charged grains in space and the laboratory can be negative or positive
(Meyer-Vernet 1982; Chow et al. 1993; Mendis & Rosenberg 1994; Hora´nyi 1996; Hora´nyi
& Goertz 1990; Havnes et al. 2001; Ellis & Neff 1991). The magnitude of grain charges in
the laboratory can be very large (up to a few orders of magnitude of the electron charge).
The polarity of charged grains depends on their size; large grains are usually negative and
small grains positive (e.g., Chow et al. 1993; Mendis & Rosenberg 1994).
The dynamics of dust grains in protostellar and protoplanetary accretion disks deter-
mines the physical processes leading to the formation of planets. It is generally accepted that
small solids (1 cm - 1 m) can be formed due to chaotic motion and sticking of submicron-
and micron-sized dust grains strongly collision coupled to the surrounding gas. These small
solids in turn can form the kilometer-sized bodies (planetesimals), believed to be the building
blocks for planet formation.
Various physical mechanisms have been discussed for the formation of planetesimals,
such as, collisional coagulation (Adachi et al. 1976; Cuzzi et al. 1993; Weidenschilling 1995),
gravitational instability (Safronov 1969; Goldreich & Ward 1973; Yamoto & Sekiya 2004),
and the trapping of particles by large-scale persistent vortices (Barge & Sommeria 1995;
Lovelace et al. 1999; Klahr & Bodenheimer 2003; Johansen et al. 2004; Petersen et al.
2007).
Recently the streaming instability arising from the difference between velocities of dust
grains and gas has been suggested as a possible source contributing to planetesimal formation
(Youdin & Goodman 2005). These authors have considered the hydrodynamic instability of
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the interpenetrating streams of dust grains and gas coupling via drag forces in the Keplerian
disk. The particle density perturbations generated by this instability could seed planetesimal
formation without self-gravity.
In the papers cited above, which deal with the dynamics of dust grains in accretion disks
in connection with the problem of dust coagulation and planet formation, hydrodynamic
models were applied in which the dust grains were considered as a neutral fluid or ensemble
of individual particles interacting with the surrounding neutral gas. Thus, electrodynamic
processes were not involved. However, dust grains are generally charged (see references
cited above). In the surface layers and near the star, the protostellar and protoplanetary
accretion disks are multicomponent, containing electrons, ions, charged grains, and neutral
gas. In the sufficiently dense inner regions, the disk matter likely contains only charged
dust grains and gas (e.g., Wardle & Ng 1999). Dust grains can be of various forms. It is
clear that electromagnetic forces could play an important role in dust coagulation and in
collective processes within the disk involving the dust grains. The electromagnetic turbulence
favors the coalescence of charged dust grains. The collisional coagulation due to electrostatic
interaction of dust grains can lead to the formation of fractal aggregate structures (Matthews
et al. 2007). These structures could build larger-sized solid particles in the process of planet
formation.
The necessity of taking into account electromagnetic phenomena in the disk dynamics
is confirmed by observations, which show that astrophysical disks are turbulent (Hartmann
2000; Carr et al. 2004; Hersant et al. 2005). It is also known that accretion disks are threaded
by the magnetic field (Hutawarakorn & Cohen 1999 and 2005; Donati et al. 2005). In the
latter, a direct detection of the magnetic field in the protostellar accretion disk FU Orionis,
including the innermost and densest parts of the disk, is reported. The surface magnetic
field was observed to reach strengths of about 1 kG close to the center of the disk and
several hundred gauss in its innermost regions. The magnetic field is grossly axisymmetric
and has both vertical and significant azimuthal components. The results of Donati et al.
also suggest that magnetic fields in accretion disks could trigger turbulent instabilities that
would produce enhanced radial accretion and drifts of ionized plasma through transverse
field lines.
The electromagnetic dynamics of accretion disks is determined by physical parameters,
such as, the magnetic field, density, temperature, the ionization degree, composition, and
mass and size of charged dust grains, all of which vary significantly through the whole
disk. So these would determine the disk dynamics on a local scale. The protostellar and
protoplanetary accretion disks as well as cold molecular and interstellar clouds are weakly
ionized (Wardle & Ng 1999; Norman & Heyvaerts 1985; Jin 1996; Bergin et al. 1999; Balbus
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& Terquem 2001; Desch 2004; Tscharnuter & Gail 2007). Dust grains are, possibly, the
primary charge carriers in very dense, cool nebulae (Wardle & Ng 1999; Blaes & Balbus
1994).
One of the sources of electromagnetic turbulence in accretion disks may be electromag-
netic streaming instabilities emerging due to the different velocities of species in equilibrium.
We have studied this issue (Nekrasov 2007) for cold magnetized disks. The dust grains
were considered to be magnetized and strong collisional coupling of neutrals with one of
the charged species could be included. The thermal pressure was not taken into account.
New compressible instabilities were found, with growth rates much larger than the Keplerian
frequency. In a subsequent paper (Nekrasov 2008), the general theory for electromagnetic
streaming instabilities in multicomponent weakly ionized regions of accretion disks embedded
in the magnetic field has been developed. The compressibility, anisotropic thermal pressure,
and collisions of charged species with neutrals were taken into account. The equilibrium state
was found for the case in which the ions do not influence the motion of neutrals. However,
the neutrals are assumed to have weak or strong collisional coupling with dust grains. In
the perturbed state, the neutrals have been considered as immobile when the perturbation
frequency is much larger than the collisional frequency of neutrals with charged species. A
dispersion relation has been derived in the most general form for an arbitrary direction of
the perturbation wave vector and for arbitrary strength of thermal effects. In particular,
we found solutions of the dispersion relation for a case appropriate to definite regions of the
protostellar and protoplanetary disks, where the electrons can be considered as thermal and
magnetized, and ions and dust grains as cold and unmagnetized. These solutions describe
new instabilities of the weakly ionized disks due to collisions and differences between the
stationary velocities of different charged species.
In the present paper, we study the electromagnetic streaming instabilities in the suf-
ficiently ionized regions of the protostellar and protoplanetary magnetized accretion disks,
where the neutrals have strong collisional coupling simultaneously with ions and dust grains
both in the equilibrium and in the perturbed state. Dust grains and light charged com-
ponents are respectively unmagnetized and magnetized, i.e., their cyclotron frequencies are
respectively much smaller or much larger than their orbiting frequencies. The dust grains are
treated as monosized with a constant charge. For the collisional regime under consideration,
we find the azimuthal and radial stationary velocities of species. We consider the effect of the
change in collisional frequencies due to density perturbations of species. Taking into account
anisotropic thermal pressure, we derive the general expression for the perturbed velocity of
any species that contains also the perturbed velocity of other species due to collisions. In
the cold limit for horizontally elongated perturbations, we obtain the general solutions for
the perturbed velocities of ions and dust grains incorporating their mutual influence on each
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other via collisions with neutrals. Further, we consider fast processes in which the electro-
magnetic dynamics of dust grains is determined by collisions with neutrals but not by their
own motional frequencies. Finally, we investigate unstable perturbations due to different
azimuthal velocities of ions and electrons.
The paper is organized as follows. In § 2 the basic equations are given. In § 3 we
discuss in detail the collisional equilibrium state. The general solutions for the perturbed
velocities and densities of species including thermal effects are obtained in § 4. The perturbed
velocities of species for vertical perturbations in the cold limit are considered in § 5. Solutions
for the perturbed velocities of species when the dynamics of dust grains is determined by
collisions with neutrals are given in § 6. In § 7 we calculate the perturbed electric current.
The dispersion relation in the general case is derived in § 8. The dispersion relation in the
case of strong collisional coupling of dust grains with ions through collisions with neutrals is
considered in § 9. Its unstable solutions are found in § 10. Discussion of the obtained results
is given in § 11. The main points of the paper are summarized in § 12.
2. Fundamentals
The fundamental equations in the inertial (nonrotating) reference frame are the follow-
ing:
∂vj
∂t
+ vj · ∇vj = −∇U −
∇ ·Pj
mjnj
+
qj
mj
E+
qj
mjc
vj ×B−νjn (vj − vn) , (1)
∂vn
∂t
+ vn · ∇vn = −∇U −
∇Pn
mnnn
−
∑
j
νnj (vn − vj) , (2)
the momentum equations,
∂nj,n
∂t
+∇·nj,nvj,n = 0, (3)
the continuity equation,
∇× E = −
1
c
∂B
∂t
, (4)
∇×B =
4pi
c
j, (5)
and Maxwell’s equations, where j =
∑
j qjnjvj . Here the index j = e, i, d denotes the elec-
trons, ions, and dust grains, respectively, and the index n denotes the neutrals. In Eqs.
(1)-(5) qj and mj,n are the charge and mass of species j and neutrals, vj,n is the hydro-
dynamic velocity, nj,n is the number density, Pj and Pn are the thermal pressure tensor
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of charged species j and the thermal pressure of neutrals, respectively, νjn = γjnmnnn
(νnj = γjnmjnj) is the collisional frequency of charged species (neutrals) with neutrals
(charged species), where γjn =< σv >jn /(mj + mn) (< σv >jnis the rate coefficient for
momentum transfer), U = −GM/R is the gravitational potential of the central object hav-
ing mass M , R = (r2 + z2)1/2, G is the gravitational constant, E and B are the electric
and magnetic fields, and c is the speed of light in vacuum. We consider wave processes with
typical time scales much larger than the time the light spends to cover the wavelength of
perturbations. In this case one can neglect the displacement current in Eq. (5), what results
in quasineutrality both in electromagnetic and purely electrostatic perturbations. We use
the cylindrical coordinate system (r, θ, z), where r is the distance from the symmetry axis
and z is the coordinate from the midplane of the disk. The magnetic field B includes the
external magnetic field B0ext of the central object and/or interstellar medium, the magnetic
field B0cur of the background current, and the perturbed magnetic field. The pressure tensor
Pj has the form Pj=p⊥jI+(p||j− p⊥j)bb, where p⊥j and p||j are the pressure across (⊥) and
along (||) the magnetic field B, I is the unit tensor, and b is the unit vector along B.
Equations (1) and (2) take into account only the collisions between charged species and
neutrals. In the weakly ionized objects these collisions are dominant. The system of Eqs.
(1)-(5) can be applied in the collisionless regime, if we put νjn = νnj = 0, as well as in the
regimes of weak and strong collisional coupling of neutrals with charged components. In Eqs.
(1)-(3) we do not take into account ionization and recombination processes. We comment
on this point in § 11. Self-gravity is not included in the present paper.
3. Equilibrium
We suppose that B0ext is axisymmetric and B0θext = 0. Such a configuration is typical
of the magnetic field of the central star and/or of disks threaded by the vertical interstellar
magnetic field. We neglect the radial component of the background magnetic field, consid-
ering the regions of the disk, where vertical components of both the external magnetic field
and the magnetic field induced by the stationary azimuthal current are dominant.
Let us consider axisymmetric stationary flows of species j. We suppose that the vertical
stationary velocity vj0z is equal to zero. Then the r and θ components of Eq. (1) in the
equilibrium take the form
∂v2j0r
2∂r
−
v2j0θ
r
=
Fj0r
mj
+ ωcjvj0θ − ν
0
jn(vj0r − vn0r), (6)(
ωcj +
1
r
∂rvj0θ
∂r
)
vj0r = −ν
0
jn(vj0θ − vn0θ). (7)
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Here ωcj = qjB0/mjc is the cyclotron frequency of species j (B0 = B0zext + B0zcur), ν
0
jn is
the collisional frequency in the equilibrium, and
Fj0r = −mj
∂U
∂r
−
1
nj0
∂p⊥0j
∂r
+ qjE0r,
where E0r is the background electric field.
Equations (6) and (7) determine the stationary velocity vj0 of different charged compo-
nents due to the action of the electric (radial), magnetic (vertical), and gravitational fields as
well as the thermal pressure and collisions with neutrals. Due to the latter effect the radial
velocity emerges [Eq. (7)]. Solving Eqs. (6) and (7), we will consider two cases in which there
are magnetized, ωcjvj0θ ≫ v
2
j0r,θ/r, and unmagnetized, ωcjvj0θ ≪ v
2
j0r,θ/r, charged species.
The condition ωcj ≫ (≪)vj0θ/r denotes that the cyclotron frequency is much larger (smaller)
than the orbital frequency [we use below, as usual, the term ”magnetized” (”unmagnetized”)
also in the case in which ωcj ≫ (≪)ν
0
jn].
For magnetized species we have the following solutions of Eqs. (6) and (7):
vj0θ = −
ωcj
ω2cj + ν
2
jn
Fj0r
mj
+
ν2jn
ω2cj + ν
2
jn
vn0θ −
ωcjνjn
ω2cj + ν
2
jn
vn0r, (8)
vj0r =
νjn
ω2cj + ν
2
jn
Fj0r
mj
+
ωcjνjn
ω2cj + ν
2
jn
vn0θ +
ν2jn
ω2cj + ν
2
jn
vn0r. (9)
Here, for simplicity, the index 0 at ν0jn has been omitted.
We will consider the case in which simultaneous collisions of neutrals with two charged
components are important. We suppose that one of these components is the heavy unmagne-
tized dust grains d and another component, which will be denoted by the index j, represents
the ions or the light magnetized dust grains (the latter case is appropriate for systems con-
taining only two dust components). Due to the small electron mass the collisions of neutrals
with electrons are neglected. Below in this section, the corresponding condition is given.
Then, the equation of motion (2) for neutrals takes the form
∂v2n0r
2∂r
−
v2n0θ
r
=
Fn0r
mn
− νnj(vn0r − vj0r)− νnd(vn0r − vd0r), (10)
1
r
∂rvn0θ
∂r
vn0r = −νnj(vn0θ − vj0θ)− νnd(vn0θ − vd0θ). (11)
Here νnj,d = ν
0
nj,d. For unmagnetized dust grains Eqs. (6) and (7) have the form
∂v2d0r
2∂r
−
v2d0θ
r
=
Fd0r
md
− νdn(vd0r − vn0r), (12)
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1
r
∂rvd0θ
∂r
vd0r = −νdn(vd0θ − vn0θ). (13)
To solve the system (10)-(13) we adopt, for simplicity, that vn,d0θ ∼ r
−α1 and vn,d0r ∼
r−α2 . Then we can substitute the derivatives in Eqs. (10)-(13) by the algebraic terms. We
find further the expressions for vn0r − vj0r and vn0θ − vj0θ, using Eqs. (8) and (9), and
substitute them in Eqs. (10) and (11). From Eqs. (11) and (13) we can find the radial
velocities vn0r and vd0r:
vn0r = −
r
aj
ν∗njωcj
ω2cj + ν
2
jn
(
Fj0r
mjvn0θ
+ ωcj
)
−
ν∗ndr
aj
(1− x) , (14)
vd0r = −ν
∗
dnr(1−
1
x
), (15)
where x = vd0θ/vn0θ and the index ∗ denotes the modified collisional frequencies ν
∗
nj,d =
νnj,d/(1− α1) and ν
∗
dn = νdn/(1− α1). The parameter aj in Eq. (14) is
aj = 1 + bj = 1 +
r
vn0θ
ν∗njνjnωcj
ω2cj + ν
2
jn
. (16)
After substitution of expressions (14) and (15) into Eqs. (10) and (12) we obtain two
equations containing only the azimuthal velocities of neutrals and dust grains (except the
terms proportional to α2):
−
v2n0θ
r
= α2
v2n0r
r
+
Fn0r
mn
+
νnj
ω2cj + ν
2
jn
[
νjn +
(
ν∗njω
2
cj
ω2cj + ν
2
jn
+ ν∗nd
)
ωcjr
ajvn0θ
](
Fj0r
mj
+ ωcjvn0θ
)
+ νndr (1− x)
[
ν∗dn
x
+
1
aj
(
ν∗njω
2
cj
ω2cj + ν
2
jn
+ ν∗nd
)]
, (17)
−
v2d0θ
r
= α2
v2d0r
r
+
Fd0r
md
−
r
ajvn0θ
νdnν
∗
njωcj
ω2cj + ν
2
jn
(
Fj0r
mj
+ ωcjvn0θ
)
− νdnr (1− x)
(
ν∗dn
x
+
ν∗nd
aj
)
.
(18)
For simplicity, we have retained in these equations the radial velocities in terms proportional
to α2. Multiplying Eq. (17) by x
2 and equating it to Eq. (18), we obtain the following
equation:
x2
Fn0r
mn
−
Fd0r
md
+
νnj
ω2cj + ν
2
jn
(
Fj0r
mj
+ ωcjvn0θ
)[
x2νjn +
(
x2
ν∗njω
2
cj
ω2cj + ν
2
jn
+ x2ν∗nd + ν
∗
dn
)
ωcjr
ajvn0θ
]
+r (1− x)
[
xνndν
∗
dn +
ν∗ndνdn
aj
+
νdnν
∗
dn
x
+ x2
νnd
aj
(
ν∗njω
2
cj
ω2cj + ν
2
jn
+ ν∗nd
)]
−α2
v2d0r
r
+x2α2
v2n0r
r
= 0.
(19)
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In the paper (Nekrasov 2008), we have considered the case of the weak collisional cou-
pling of neutrals with ions in the steady state, which is appropriate for weakly ionized disks.
The parameter bj [see Eq. (16)] for ions has been supposed to be much less than unity, in
which case ai ≃ 1. This condition can be satisfied for magnetized, ωci ≫ νin, or unmagne-
tized, ωci ≪ νin, ions, if the orbital (Keplerian) frequency of neutrals vn0θ/r is less than the
collisional frequency of neutrals with ions νni. In the case ωci ∼ νin it should be νni ≪ vn0θ/r.
In the present paper, we will consider the opposite case in which bj ≫ 1, i.e.,
νjnωcj
ω2cj + ν
2
jn
ν∗nj ≫
vn0θ
r
. (20)
Thus, we explore here the regions of the disk, where the medium is sufficiently ionized and
where a strong collisional coupling between neutrals and species j (ions or light dust grains)
takes place.
We can find the analytical solution of Eq. (19) in the case in which the azimuthal
velocities of neutrals and dust grains are close to one another, i.e.,
x = 1 + δ, δ ≪ 1.
This condition is easily satisfied in disks, where the collisional coupling of dust grains and
neutrals is strong (see below). We neglect further the contribution of terms proportional to
δ in the first and third terms on the left-hand side of Eq. (19) as well as the contribution
of two last terms in this equation. The corresponding conditions, taking into account the
inequality (20), have the form
ν2 ≫
2
r
[
Fn0r
mn
+
νnj + νnd
νjn
(
Fj0r
mj
+ ωcjvn0θ
)]
; 2α2
v2n0r
r2
,
δν2 ≫ α2
1
r2
(
v2n0r − v
2
d0r
)
, (21)
where ν2 ≃ ν∗dn (νdn + νnd). We suppose that bjνdn ≫ νnd. This condition is, obviously,
satisfied. Conditions (21) imply strong dust-neutrals collisional coupling. Then we obtain
from Eq. (19) the following solution for δ:
δrν2 =
Fn0r
mn
−
Fd0r
md
+
1
νjn
(νnj + νnd + νdn)
(
Fj0r
mj
+ ωcjvn0θ
)
. (22)
The second equation connecting δ and vn0θ is obtained from Eq. (18) under conditions
(20) and
δνdnν
∗
dn ≫
v2d0θ
r2
+ α2
v2d0r
r2
. (23)
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This inequality also implies strong collisional coupling of dust grains with neutrals. Then
we have
δrνdnν
∗
dn = −
Fd0r
md
+
νdn
νjn
(
Fj0r
mj
+ ωcjvn0θ
)
. (24)
We can find from Eqs. (22) and (24) the expressions for vn0θ and δ. The velocity vn0θ
is equal to
− ωcjvn0θ =
Fj0r
mj
+
νjn
νnj
(
Fn0r
mn
+
νnd
νdn
Fd0r
md
)
. (25)
It can be shown that the condition
bj ≫
ω2cj
ω2cj + ν
2
jn
νnj
νdn
must be satisfied for the solution (25) to have the present form. It is obvious that this
inequality can easily be realized, if bjνdn ≫ νnj,d. The value δ we find from Eqs. (24) and
(25),
δrν∗dn = −
1
νnj
(
Fn0r
mn
+
νnj + νnd
νdn
Fd0r
md
)
. (26)
The azimuthal velocity of dust grains is equal to
vd0θ = vn0θ(1 + δ). (27)
The radial velocities of neutrals and dust grains are found from Eqs. (12) [or (14)] and (15):
vn0r = −
Fd0r
νdnmd
− δrν∗dn,
vd0r = −δrν
∗
dn. (28)
Let us now consider the velocities vj0θ,r. Substituting the velocities vn0θ,r found above
into Eqs. (8) and (9), we obtain vj0θ ≃ vn0θ and vj0r ≪ vj0θ, vn,d0r.
The electron velocities under condition ω2ce ≫ ν
2
en are the following [see Eqs. (8) and
(9)]:
ve0θ = −
Fe0r
meωce
+
ν2en
ω2ce
vn0θ −
νen
ωce
vn0r,
ve0r =
νen
ω2ce
Fe0r
me
+
νen
ωce
vn0θ +
ν2en
ω2ce
vn0r. (29)
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We do not take into account the collisions of neutrals with electrons. It can be shown
that the corresponding condition has the form
νne ≪ νnj
ω2cj
ω2cj + ν
2
jn
.
We suppose that this inequality is satisfied.
4. Perturbed velocities and densities of species: General solutions
In the present paper, we do not treat perturbations connected with the background
pressure gradients. Thus, we exclude from our consideration the drift and internal gravity
waves. We take into account the induced reaction of neutrals on the perturbed motion of
charged species. This effect is important, if the ionization degree of medium is sufficiently
high. We also include the effect of perturbation of the collisional frequencies due to density
perturbations of charged species and neutrals. This effect emerges when there are different
background velocities of species, as occurs in accretion disks. Then the momentum equations
(1) and (2) in the linear approximation take the form
∂vj1
∂t
+vj0·∇vj1+vj1·∇vj0 = −
P0j
mjn2j0
∇nj1+
qj
mj
E1+
qj
mjc
vj0×B1+
qj
mjc
vj1×B0+Cj1, (30)
∂vn1
∂t
+ vn0 · ∇vn1 + vn1 · ∇vn0 = −v
2
Tn
∇nn1
nn0
+Cn1, (31)
In these equations, the collisional terms Cj1 and Cn1 are equal
Cj1 = −ν
0
jnvj1 +Rj1,
Cn1 = −ν
0
nvn1 +Rn1,
where ν0jn = γjnmnnn0, ν
0
n =
∑
j ν
0
nj , ν
0
nj = γnjmjnj0. The index 1 denotes the quantities
of the first order of magnitude. Here P0j = γ⊥jp⊥0jI+ (γ||jp||0j − γ⊥jp⊥0j)bb, γ⊥j = 2,
γ||j = 3 for magnetized particles ωcj ≫ νjn. For charged species we use here the double
adiabatic dependence of temperature perturbations on the density perturbations analogous
to the double adiabatic law of Chew et al. (1956) for the collisionless plasma. For un-
magnetized charged particles, ωcj ≪ νjn, we have P0j = γjp0jI, γj = 5/3. In the case of
Boltzmann’s distribution of the number density due to movement of particles along the
background magnetic field we have γ||j = 1. The neutrals are also considered as adiabatic.
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Then ∇Pn1/mnnn0 = v
2
Tn∇nn1/nn0, where v
2
Tn = γnTn0/mn, Tn0 is the unperturbed temper-
ature of neutrals.
The term Rj1,
Rj1 = ν
0
jn
[
vn1 +
nn1
nn0
(vn0 − vj0)
]
,
describes the back reaction of charged components due to influence of the perturbed motion
of neutrals and the term Rn1,
Rn1 =
∑
j
ν0nj
[
vj1 +
nj1
nj0
(vj0 − vn0)
]
,
leads to the induced perturbation of the velocity of neutrals. The collisional terms propor-
tional to nn1 and nj1 take into account the dependence of the collisional frequencies νjn and
νnj on the density perturbations of species.
In this section, we will consider the general case in which the wave vector k = (kr, mθ, kz)
of perturbations has three components. We provide the normal mode analysis, assume
the perturbations to be proportional to exp(ikrr + imθ + ikzz − iωt), and use the local
approximation |k|r ≫ 1. Then we find the Fourier amplitudes of the density perturbations
from the linearized version of the continuity equation (3)
nj,n1k
nj,n0
=
kvj,n1k
ωj,n
,
where ωj,n = ω−kvj,n0, k = {k,ω}. Substituting nn1 into Eq. (31) and solving this equation
in the Fourier representation, we will find the velocity vn1k, whose components and the
expression for nn1k are given in the Appendix A.
In the protostellar and protoplanetary disks, the collisions of neutrals with charged
species are frequent enough that the condition ωνn ≫ Ωn is satisfied (for systems with the
weak collisions it should be supposed that ωn ≫ Ωn). Then, using the equation for nn1k
from the Appendix A and the expression for Rn1, we obtain
Dn
nn1k
nn0
= iωνn
∑
j
ν0nj
nj1k
nj0
. (32)
In the present paper, we will further neglect the thermal effects of species when con-
sidering some specific cases. For neutrals, the necessary condition for this cold limit has
the form δlmn ≪ 1, where l, m = r, θ, z. In this case, the perturbed velocity and density of
neutrals given in the Appendix A and Eq. (32), correspondingly, will be equal to
vn1k =
i
ωνn
Rn1k (33)
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and
nn1k
nn0
=
i
ωνn
∑
j
ν0nj
nj1k
nj0
. (34)
Let us substitute the expressions (33) and (34) into Rj1k. Then the collisional term Cj1k can
be written in the form
Cj1k = −νjvj1k +Qj1k, (35)
where
νj = ν
0
jn
(
1− i
ν0nj
ωνn
)
,
Qj1k = i
ν0jn
ωνn
∑
l 6=j
ν0nl
[
vl1k +
nl1k
nl0
(vl0 − vj0)
]
.
Here the index l denotes the charged components. The collisional term Qj1 describes the
reaction of the species j on the collisions of neutrals with another charged components.
In the weakly ionized plasma the frequency of collisions of neutrals with charged com-
ponents can be small compared to the frequency of perturbations, which depends on the
disk parameters, ωn ≫ ν
0
n. In this case, the induced dynamics of neutrals can be neglected,
i.e., νj ≈ ν
0
jn and Qj1k ≈ 0. Such a situation was considered by Nekrasov (2008). In the
sufficiently ionized plasma the opposite case can be realized in which ν0n ≫ ωn. Then the
collisional frequency νj takes the form
νj =
ν0jn
ν0n
(∑
l 6=j
ν0nl − iωn
ν0nj
ν0n
)
. (36)
We see that when there is only one charged component with which the neutrals collide, the
inertia of neutrals is added to the inertia of this charged component, i.e., νj = −iωn(ν
0
jn/ν
0
nj).
At the same time the value Qj1 = 0. Thus, in other respects the plasma stays formally
collisionless. However, the presence of other charged components with which neutrals collide
with the sufficiently high frequency, ν0nl ≫ ωn, changes the situation dramatically: The
plasma stays collisional and the value Qj1 contributes to the momentum equation of species
j. Such conditions are realized in the ionized regions of protostellar and protoplanetary
disks. This case will be considered in the present paper.
The solution of Eq. (30) with Cj1k defined by Eq. (35) and the expression for nj1k are
given in the general form in the Appendix B.
We will also neglect the thermal effects for the charged species. The necessary condition
is δlmj ≪ 1, where l, m = r, θ, z. We consider further the case in which the neutrals collide
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simultaneously with ions and dust grains. As a result, the mutual influence of perturbations
of ions and dust grains via perturbations of neutrals arises. The corresponding system of
equations describing this process is given in the Appendix C.
5. Perturbed velocities of species in the case kz 6= 0, kr = kθ = 0: General
solutions
We have obtained the exact solutions of the system of equations for vi1r,θ and vd1r,θ given
in the Appendix C for the horizontally elongated perturbations when kz 6= 0, kr = kθ = 0.
These solutions and the general solutions for vi,d1z are given in the Appendix D.
If we set µi = µd = 0 in Eqs. (C.1) and (C.2), i.e., if we neglect the collisions of neutrals
with ions and dust grains (ωn ≫ ν
0
n), then we obtainDi,dvi,d1r = −Hi,d1r, Di,dvi,d1θ = −Hi,d1θ,
and vi,d1z = (i/ωνi,d)Gi,d1z. In this case, the ions and dust grains move independently from
each other under the action of the electromagnetic forces. However, in the case ωn ≪ ν
0
n the
movement of dust grains depends on the movement of ions, and vice versa (see below).
The general solutions for the perturbed electron velocity in the case kz 6= 0, kr = kθ = 0
are given in the Appendix E. One can see that the collisions of neutrals with ions and dust
grains influence the collisions of electrons with neutrals.
6. Solutions for vj1k in the case of neglect the own dynamics of dust grains
The own frequencies of dust grains, the plasma and cyclotron frequencies, are very low
because of their large mass. Therefore, at the absence of collisions of species with dust grains
the latter can stay immobile in the electromagnetic perturbations having sufficiently high
frequency. However, for example, through collisions with neutrals, the dust grains can be
involved in the fast electromagnetic perturbations induced by the ions and electrons when
the ions have also strong collisional coupling with neutrals.
Let us neglect in Eq. (D.3) the terms proportional to ωd1 and ωd2 under conditions
ω2νd ≫
(
1 +
ω2νi
ω2ci
)
ωd1ωd2;µiµd
ωd1,2
ωci
. (37)
Note, that for frequencies of perturbations much less than the collisional frequencies, νi,d ≫
ωi,d, these conditions can be written in the form νd ≫ (1 + νi/ωci)ωd1,2. We have taken into
account that ωci ≫ Ωi. Then the value A will be equal to A = −△, where △ = λ
2
ω +ω
2
νdω
2
ci.
In the case (37), one can also neglect the action of the electromagnetic forces on the dust
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grains. Then the expressions (D.1) and (D.2) take the form,
vi1r =
ωνd
△
(ωνdωciGi1θ + λωGi1r) ,
vi1θ =
ωνd
△
(−ωνdωciGi1r + λωGi1θ) . (38)
For the dust grains we have
vd1r = −
µi
ωνd
vi1r −
µi
ωλω
kzwrGi1z,
vd1θ = −
µi
ωνd
vi1θ −
µi
ωλω
kzwθGi1z. (39)
The vertical velocities vi1z and vd1z are equal in the case under consideration,
λωvi1z = ωνdGi1z,
λωvd1z = −µiGi1z. (40)
We can find now the perturbed electron velocity. Substituting the velocities vi,d1 defined
by Eqs. (38) and (39) in the expressions for the components of the electron velocity given
in the Appendix E, we obtain
Deve1r = −He1r +
ηω
△
(λωωνe − iωνdωceωci)Gi1r +
ηω
△
(iλωωce + ωνdωνeωci)Gi1θ
+
ηω
ωλω
εerkzGi1z,
Deve1θ = −He1θ −
ηω
△
(iλωωce + ωνdωνeωci)Gi1r +
ηω
△
(λωωνe − iωνdωceωci)Gi1θ
+
ηω
ωλω
εeθkzGi1z,
ve1z =
i
ωνe
Ge1z +
ηω
ωνeλω
Gi1z, (41)
where
ηω = µiµed − ωνdµei,
εer = ωνe (vi0r − ve0r) + iωce (vi0θ − ve0θ) ,
εeθ = ωνe (vi0θ − ve0θ)− iωce (vi0r − ve0r) .
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7. Perturbed electric current: General expressions
In this section, we find the perturbed electric current
j1=
∑
j
qjnj0
(
vj1 +
kzvj0
ω
vj1z
)
.
Using Eqs. (38)-(41), we can write the components of this current in the form
j1r =
[
qi
mi△
Wrr +Wzrr
]
E1r +
[
qi
mi△
Wrθ +Wzrθ
]
E1θ +WzrzE1z,
j1θ =
[
qi
mi△
Wθr +Wzθr
]
E1r +
[
qi
mi△
Wθθ +Wzθθ
]
E1θ +WzθzE1z,
j1z = WzzrE1r +WzzθE1θ +WzzzE1z .
The expressions for Wrr,θ, Wθr,θ, Wzrr,θ,z, Wzθr,θ,z, and Wzzr,θ,z in the general form are given
in the Appendix F.
8. Dispersion relation in the general form
From Maxwell’s equations (4) and (5) we have,
n2zE1r,θ =
4pii
ω
j1r,θ, 0 = j1z. (42)
Using the components of the perturbed electric current given in § 7, we will find from the
system (42) the dispersion relation
(
n2zεzz − εrrεzz + εrzεzr
) (
n2zεzz − εθθεzz + εθzεzθ
)
−(−εrθεzz + εrzεzθ) (−εθrεzz + εzrεθz) = 0.
(43)
Here
εrr =
4pii
ω
[
qi
mi△
Wrr +Wzrr
]
, εrθ =
4pii
ω
[
qi
mi△
Wrθ +Wzrθ
]
, εrz =
4pii
ω
Wzrz,
εθr =
4pii
ω
[
qi
mi△
Wθr +Wzθr
]
, εθθ =
4pii
ω
[
qi
mi△
Wθθ +Wzθθ
]
, εθz =
4pii
ω
Wzθz,
εzr =
4pii
ω
Wzzr, εzθ =
4pii
ω
Wzzθ, εzz =
4pii
ω
Wzzz.
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9. Dispersion relation in the case of the strong collisional coupling of species
We will further consider the case of the strong collisional coupling of neutrals with ions
and dust grains and dust grains with neutrals. We also suppose that the collisional frequen-
cies of electrons and ions with neutrals are much larger than the perturbation frequency.
Thus, the case under consideration is the following:
ν0en ≫ ωe, ν
0
i ≫ ωi, ν
0
d ≫ ωd,min
{
ν0ni, ν
0
nd
}
≫ ωn, (44)
where
ν0i =
ν0inν
0
nd
ν0n
, ν0d =
ν0dnν
0
ni
ν0n
.
The collisional frequencies νj [Eq. (36)] are
νe = ν
0
en, νi = ν
0
i − iωn
ν0inν
0
ni
ν02n
, νd = ν
0
d − iωn
ν0dnν
0
nd
ν02n
.
Here we keep the corrections proportional to ω because the main terms are cancelled when
calculating some necessary expressions in the case (44). For example, the value λω has in
this case the form
λω = ω
(
ν0d + ν
0
i + ν
0
)
= ωa,
where ν0 = ν0inν
0
dn/ν
0
n.
Let us find Wrr,θ and Wθr,θ under conditions (44). We will consider, as in the steady
state, that the electrons are magnetized, ω2ce ≫ ν
02
en. This condition is generally satisfied.
Using the condition of quasineutrality
∑
j qjnj0 = 0 and carrying out the calculations, we
obtain the following expressions for Wrr,θ and Wθr,θ:
Wrr =Wθθ = −iqene0ωσ,Wrθ = −Wθr = iqene0ω
(
σ
ν0en
ωce
− εd
)
, (45)
where
σ = ν0da−
ωci
ωce
ν02d g,
εd =
qdnd0
qene0
ωciν
02
d f.
The values g and f are equal to
g = ν0en
ν0nd
ν0ni
(
1
ν0dn
+
1
ν0nd
)
, f =
(
1
ν0ni
+
1
ν0d
)
.
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The values sr,θ,zz under conditions (44) and ω
2
ce ≫ ω
2
νe are
srz = iν
0
d
[
ν0en
ωce
(vi0θ − ve0θ)− (vi0r − ve0r)
]
− ω
qdnd0
qene0
ν0dfvi0r,
sθz = iν
0
d
[
−
ν0en
ωce
(vi0r − ve0r)− (vi0θ − ve0θ)
]
− ω
qdnd0
qene0
ν0dfvi0θ,
szz = −ω
[
(1 + g)
ν0d
ν0en
+
qdnd0
qene0
ν0df
]
. (46)
Using the expressions for εij, i, j = r, θ, z, given in § 8 and taking into account Eqs.
(45), (46), and the expressions for Wzrr,θ,z, Wzθr,θ,z, and Wzzr,θ,z given in the Appendix F,
we find the following relations containing in the dispersion relation (43):
εrrεzz − εrzεzr = τβσ (ibzz − 1) + iβ
2
n2z
c2
(bzzve0r − brz) (vi0r − ve0r) ,
−εθrεzz + εθzεzr = −τβ
(
σ
ν0en
ωce
− εd
)
(ibzz − 1) + iβ
2
n2z
c2
(bθz − bzzve0θ) (vi0r − ve0r) ,
εθθεzz − εθzεzθ = τβσ (ibzz − 1) + iβ
2
n2z
c2
(bzzve0θ − bθz) (vi0θ − ve0θ) ,
− εrθεzz + εrzεzθ = τβ
(
σ
ν0en
ωce
− εd
)
(ibzz − 1) + iβ
2
n2z
c2
(brz − bzzve0r) (vi0θ − ve0θ) , (47)
where
τ =
ω2pe
△
ωci
ωce
, β =
ω2pe
ωωνe
.
Substituting the expressions (47) and εzz in Eq. (43), we obtain the following dispersion
relation:
ω6
ω4pe
ω2ceω
2
ci
(
σ2
1
+ ε2d1
)
+ 2ω4
ω2pe
ωceωci
σ1k
2
zc
2 + ω2
(
k4zc
4 −
ω4pe
ω2ce
k2zw
2
0
)
−
ω2peωci
ωce
1(
σ1 − εd1
ν0
en
ωce
)k4zc2w20 + iω3 ω4peω2ceωci
σ1εd1(
σ1 − εd1
ν0
en
ωce
)k2zw20 (48)
+iω
ω2pe
ωce
εd1(
σ1 − εd1
ν0
en
ωce
)k4zc2w20 = 0,
– 19 –
where
σ1 =
a
ν0d
−
ωci
ωce
g,
εd1 =
qdnd0
qene0
ωcif,
w2
0
= (vi0r − ve0r)
2 + (vi0θ − ve0θ)
2 .
In Eq. (48) the relationship
ibzz − 1 = −
ν0d
a
(
σ1 − εd1
ν0en
ωce
)
has been used. Below, we will find the unstable solutions of Eq. (48), the growth rate of
which is proportional to w0.
10. Solutions of the dispersion relation
To solve the dispersion relation (48), we will consider the cases in which the unstable
perturbations have the long and short wavelengths.
10.1 Long wavelength instabilities
We neglect the terms proportional to k4z in Eq. (48) under condition
ω2
ω2pe
ωceωci
σ1 ≫ k
2
zc
2. (49)
Then the dispersion relation takes the form
ω4
(
σ2
1
+ ε2d1
)
− ω2cik
2
zw
2
0
+ iωωci
σ1εd1(
σ1 − εd1
ν0
en
ωce
)k2zw20 = 0. (50)
For frequencies in the range
ωci ≫ ω
σ1εd1(
σ1 − εd1
ν0
en
ωce
) , (51)
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the unstable solution of Eq. (50) is the following:
ω = i
(ωcikzw0)
1/2
(σ2
1
+ ε2d1)
1/4
. (52)
In the case opposite to (51) the instability is caused by the presence of dust grains:
ω =

 σ1εd1(
σ1 − εd1
ν0
en
ωce
) ωcik2zw20
(σ2
1
+ ε2d1)


1/3
exp
(
−i
pi
6
+ i
2ppi
3
)
, (53)
where p = 0, 1, 2. Note, that the sign of εd1 depends on the sign of qd.
10.2 Short wavelength instabilities
Now consider the case in which
ω2
ω2pe
ωceωci
(
σ2
1
+ ε2d1
)1/2
≪ k2zc
2. (54)
Then the equation (48) will be the following:
ω2 −
ω2peωci
ωce
1(
σ1 − εd1
ν0
en
ωce
)w20
c2
+ iω
ω2pe
ωce
εd1(
σ1 − εd1
ν0
en
ωce
)w20
c2
= 0. (55)
For frequencies in the range
ωci ≫ ωεd1 (56)
we find the following solution of Eq. (55):
ω2 =
ω2peωci
ωce
1(
σ1 − εd1
ν0
en
ωce
)w20
c2
. (57)
We see that when σ1 > εd1(ν
0
en/ωce) or εd1 > 0 (qd < 0) there is the streaming instability.
In the case opposite to (56),
ωci ≪ ωεd1, (58)
we obtain
ω = −i
ω2pe
ωce
εd1(
σ1 − εd1
ν0
en
ωce
)w20
c2
. (59)
This solution describes the instability when εd1 > 0 or εd1(ν
0
en/ωce) > σ1.
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11. Discussion
In the equilibrium and perturbation states we have not taken into account the collisions
between ions and dust grains, supposing that νin ≫ νid and νdn ≫ νdi. These inequalities can
be written in the form < σv >in≫ (miρd/mdρn) < σv >idand < σv >dn≫ (ρi/ρn) < σv >id,
where ρi,d,n = mi,d,nni,d,n (mi ≫ mn). Such conditions can be satisfied, if the density of
neutrals is sufficiently high.
Now we estimate the stationary velocities of species in the case νin ≫ νni and νdn ≫
νni, νnd. These conditions can be satisfied in the weakly ionized protostellar and protoplan-
etary disks. Then, neglecting the contribution of the radial electric field under condition
E0r/B0 ≪ (ρn/ρi)(ΩK/ωci)(vK/c), we obtain from Eq. (25)
v0n0θ ≃
νin
ωci
ΩK
νni
vK , (60)
where vK and ΩK are the Keplerian velocity and frequency, correspondingly. Using Eq. (60),
we can write the condition of the strong collisional coupling of neutrals with ions (20) in the
form
ω2ci
ω2ci + ν
2
in
ν2ni ≫ Ω
2
K . (61)
We see from Eqs. (60) and (61) that v0n0θ ≪ vK . As long as v
0
d0θ ≃ v
0
n0θ [see Eq. (27)]
and v0i0θ ≃ v
0
n0θ, the species rotate in the magnetized regions of the disk with the velocity
much smaller than the Keplerian velocity. This result agrees with observations (Donati et al.
2005). From Eqs. (26) and (28) we obtain the radial velocities of neutrals and dust grains
under conditions at hand
v0n0r ≃ v
0
d0r ≃ −
ΩK
νni
vK . (62)
Comparing Eqs. (60) and (62), we have v0n,d0θ ≃ −(νin/ωci)v
0
n,d0r. Thus, for the magnetized
(unmagnetized) ions, ωci ≫ (≪)νin, the radial velocity of neutrals and dust grains is larger
(smaller) than their azimuthal velocity. We see from Eq. (62) that the radial velocity of
neutrals and dust grains is directed inward of the disk.
It is followed from Eq. (29) that the azimuthal electron velocity ve0θ ≪ v
0
i0θ and the
radial electron velocity ve0r ≃ (νen/ωce)v
0
n0θ.
The conditions (21) and (23) of the strong collisional coupling of dust grains with neu-
trals can be written in the form
νdn ≫ ΩK
[
1 +
ΩK
νni
(
1 +
ν2in
ω2ci
)]
. (63)
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Let us consider some specific parameters for the protoplanetary disk with the solar mass
central star at r = 1 AU, where B0 ∼ 0.1 G and ΩK ∼ 2 × 10
−7 s−1 (e.g., Desch 2004).
We take mi = 30mp and mn = 2.33mp, mp is the proton mass. Then the ion and electron
cyclotron frequencies will be equal to ωci ∼ 32 s
−1 (qi = −qe) and |ωce| ∼ 1.76 × 10
6 s−1
(the sign || denotes an absolute value). The rate coefficients for momentum transfer by
elastic scattering of ions and electrons with neutrals are < σν >in= 1.9× 10
−9 cm3 s−1 and
< σν >en= 4.5× 10
−9(T/30 K)1/2 cm3 s−1 (Draine et al. 1983). We take T = 300 K. Then
the condition for neglecting collisions of neutrals with electrons has the form ω2ci/(ω
2
ci+ν
2
in)≫
1.89× 10−3(ne0/ni0) (see the end of § 3). We will consider the case in which ν
2
in ≫ ω
2
ci and
ne0/ni0 ∼ 10
−2 (Desch 2004). Then the value νin must satisfy the condition νin < 7.36× 10
3
s−1. This inequality is satisfied for the neutral mass density ρn < 2.1 × 10
−10 g cm−3 or
nn0 < 5.38 × 10
13 cm−3. We will take the ionization degree as ni0 = 10
−9nn0 (Desch 2004).
If we set ρn = 10
−10 g cm−3, then we obtain νin = 3.5 × 10
3 s−1, νni = 4.5 × 10
−5 s−1,
νen = 3.65× 10
5 s−1, νne = 8.53× 10
−10 s−1.
The azimuthal velocity of species using the parameters given above is equal to v0i,d,n0θ ≃
0.49vK , where vK ≃ 30 km s
−1 [see Eq. (60)]. The orbiting frequency of dust grains Ωd =
0.49ΩK = 0.98 × 10
−8 s−1. The dust grains will be unmagnetized, ωcd ≪ Ωd, if their mass
md ≫ 8 × 10
−15 g ≃ 4.8 × 109mp (for qd = ±qe). The dust grains, for example, with
density of the material grains are made σd ∼ 3 g cm
−3 and with radius rd > 8.6× 10
−2 µm
satisfy the condition of unmagnetization. At rd = 0.1 µm, the mass of the grain is equal to
md ≃ 1.26 × 10
−14 g. The collisional frequency of dust grains with neutrals has the form
νdn ≃ 6.7ρnr
2
dvTn/md (e.g., Wardle and Ng 1999). Using parameters given above, we obtain
νdn ≃ 0.53 s
−1. For the solar abundance value ρd ≃ 10
−2 ρn we have νnd ≃ 0.53× 10
−2 s−1.
The radial velocity of neutrals and dust grains is equal to |vd,n0r| ≃ 133 m s
−1 [see Eq.
(62)]. This velocity is directed inward. The conditions (61) and (63) are satisfied.
Above, we have considered only one set of disk parameters. Any other parameters can
be treated also.
In the case (44) of the strong collisional coupling between ions, neutrals, and dust grains
the perturbed velocity of dust grains is of the order of the perturbed velocity of ions, vd1 ∼ vi1
[see Eqs. (39) and (40)]. Thus, the dust grains can participate in the fast electromagnetic
perturbations generated by the electrons and ions via collisions with neutrals and acquire
the large velocities.
Let us now consider the obtained unstable solutions. For conditions used in this section
the growth rate γ =Im ω of the solution (52) can be estimated in the case σ1 ≥ εd1 as
γ ∼ (kzr)
1/2ΩK . (64)
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This growth rate is much larger than the Keplerian frequency as long as kzr ≫ 1. The wave
number kz must satisfy the condition [see the inequality (49)]
kzr ≪
|qe|ne0
qini0
ρn
ρi
v2K
c2Ai
,
where cAi = (ωci/ωpi)c is the ion Alfve´n velocity. For the parameters given above we have
ni0 = 2.56 × 10
4 cm−3. In this case ωpi ≃ 3.84 × 10
4 s−1 and, accordingly, cAi ≃ 250 km
s−1. So far as γ ≪ νni, we have the second condition: (kzr)
1/2 ≪ νni/ΩK . It is interesting
to note that the same growth rate also exists in the collisionless regime (Nekrasov 2007).
The growth rate (53) is larger than the growth rate defined by Eq. (64). This instability is
possible when the density of dust grains is sufficiently large:
νin
ωci
≥
qdnd0
|qe|ne0
≫
νni
ΩK
(kzr)
−1/2 .
The short wavelength perturbations considered in section (10.2) have the following
growth rates for conditions given above. An estimation for the growth rate (57) is
γ ∼
(
|qe|ne0
qini0
ρn
ρi
)1/2
vK
cAi
ΩK . (65)
This growth rate is considerably larger than the Keplerian frequency in weakly ionized disks.
For the parameters given above we have γ ∼ 2.1× 10−5 s−1. The condition (54) at σ1 ≥ εd1
is the following:
kzr ≫
|qe|ne0
qini0
ρn
ρi
v2K
c2Ai
.
The growth rate (59) is larger than (65) and has the form (qd < 0)
γ ∼
|qd|nd0
qini0
ρn
ρi
Ω2K
νni
v2K
c2Ai
.
For this instability the following condition must be satisfied [see the inequality (58)]: qdnd0/qene0 ≫
νni/γ ≫ 1.
Thus, in the collisional accretion disks there are possible the streaming instabilities
involving the dynamics of neutrals and dust grains with growth rates much larger that the
Keplerian frequency.
In the present paper, we did not take into account the ionization and recombination
processes in the continuity and momentum equations which, in general, can be included
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(see, e.g., Pinto et al. 2008; Li et al. 2008). The main sources of ionization of accretion
disks are Galactic cosmic rays and X-rays from the corona of the central star. These and
other chemical processes can play an important physical role in the evolution of the disk. For
example, the dead zones of the protostellar and protoplanetary disks may be enlivened due
to turbulent transport of metallic ions, which are charged due to interaction with ionized
gas in the surface layers, from the surface layers into these regions (Ilgner and Nelson 2008).
The ionization/recombination processes in the stationary continuity equations for species
determine the ionization degree of medium. For the weakly ionized gases with large colli-
sional frequencies, as it is the case for us, the contribution from the ionization source terms
to the momentum equations can be ignored (e.g., Li et al. 2008). The chemical processes
do not influence the dynamics of medium, for example, in the case of the ideal magneto-
hydrodynamics. In our case of multicomponent disks with strong collisional coupling of
species, when the dynamics of each species is considered separately, the contribution of the
ionization source term to the perturbed continuity equation can be neglected under condi-
tion ω > ξ(nn0/ni0), where ξ is the ionization rate per H atom. The typical growth rates
of the streaming instabilities considered in the present paper is γ ∼ 10−5 s−1. If we take
nn0/ni0 ∼ 10
9, then we can neglect the ionization for ξ < 10−14 s−1. Note, for example, that
in the paper (Ilgner and Nelson 2008) the range of ξ ∼ 10−15 − 10−19 s−1 is considered. For
cosmic rays one obtains ξ ∼ 3× 10−17 s−1 (e.g., Li et al. 2008). Thus, for not too high ion-
ization rates and fast instabilities studied in the present paper, the ionization/recombination
processes can be ignored.
12. Conclusion
In the present paper, the electromagnetic streaming instabilities of multicomponent
collisional accretion disks have been studied. We have explored regions of the disk where the
medium is sufficiently ionized and there is strong collisional coupling of neutrals with ions
and dust grains simultaneously. We have included the effect of perturbation of collisional
frequencies due to density perturbations of charged species and neutrals. This effect emerges
when there are different background velocities of species, as occurs in accretion disks.
We have investigated in detail the steady state and found the azimuthal and radial
velocities of species.
The general solutions for the perturbed velocities of species with collisional and thermal
effects have been obtained. We have shown that dust grains can be involved in the fast
electromagnetic perturbations induced by ions and electrons, through strong collisions with
– 25 –
neutrals which have also strong collisional coupling with ions. The dust grains have been
found to acquire the perturbed velocity of ions. This effect is important for their collisional
coagulation and sticking.
We have derived the dispersion relation for the vertical perturbations and found the
unstable solutions due to different background velocities of electrons and ions. It has been
shown that the growth rates of these streaming instabilities can be much larger than the
Keplerian frequency.
Electromagnetic streaming instabilities, with induced dynamics of neutrals can be a
source of turbulence in sufficiently ionized regions of collisional accretion disks.
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APPENDIX A
Solutions for vn1k and nn1k
The Fourier components vn1k and nn1k are the following (for simplicity, the index k is
omitted here and below):
Dnvn1r = iRn1rωνn
(
1− δθθn − δ||n
)
+ iRn1θ
[
ωνnδrθn + i2Ωn
(
1− δ||n
)]
+iRn1z (ωνnδrzn + i2Ωnδθzn) ,
Dnvn1θ = iRn1r
[
ωνnδrθn − i
κ2n
2Ωn
(
1− δ||n
)]
+ iRn1θωνn
(
1− δrrn − δ||n
)
+iRn1z
(
ωνnδθzn − i
κ2n
2Ωn
δrzn
)
,
Dnvn1z = iRn1r
(
ωνnδrzn − i
κ2n
2Ωn
δθzn
)
+ iRn1θ (ωνnδθzn + i2Ωnδrzn)
+iRn1z
[
ωνn (1− δ⊥n)−
κ2n
ωνn
− i
(
2Ωn −
κ2n
2Ωn
)
δrθn
]
,
ωn
ωνn
Dn
nn1
nn0
= iRn1r
(
kr − i
κ2n
2Ωnωνn
kθ
)
+ iRn1θ
(
kθ + i
2Ωn
ωνn
kr
)
+ iRn1z
(
kz −
κ2n
ω2νn
kz
)
.
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The following notations are introduced here:
Dn = ω
2
νn (1− δn)− κ
2
n
(
1− δ||n
)
− iωνn
(
2Ωn −
κ2n
2Ωn
)
δrθn,
ωνn = ωn + iν
0
n, ωn = ω − kvn0,
Ωn =
vn0θ
r
, κ2n = (2Ωn/r)∂(r
2Ωn)/∂r, kθ =
m
r
,
δlmn =
klkmv
2
Tn
ωnωνn
, δ⊥n = δrrn + δθθn, δ||n = δzzn, δn = δ⊥n + δ||n,
where l, m = r, θ, z.
APPENDIX B
Solutions for vj1k and nj1k
The Fourier components vj1k and nj1k are:
Djvj1r = iFj1rωνj
(
1− δθθj − δ||j
)
+ iFj1θ
[
ωνjδrθj + iωj1
(
1− δ||j
)]
+iFj1z (ωνjδrz⊥j + iωj1δθz⊥j) ,
Djvj1θ = iFj1r
[
ωνjδrθj − iωj2
(
1− δ||j
)]
+ iFj1θωνj
(
1− δrrj − δ||j
)
+iFj1z (ωνjδθz⊥j − iωj2δrz⊥j) ,
Djvj1z = iFj1r
(
ωνjδrz||j − iωj2δθz||j
)
+ iFj1θ
(
ωνjδθz||j + iωj1δrz||j
)
+iFj1z
[
ωνj (1− δ⊥j)−
ωj1ωj2
ωνj
− i (ωj1 − ωj2) δrθj
]
,
ωj
ωνj
Dj
nj1
nj0
= iFj1r
(
kr − i
ωj2
ωνj
kθ
)
+ iFj1θ
(
kθ + i
ωj1
ωνj
kr
)
+ iFj1z
(
kz −
ωj1ωj2
ω2νj
kz
)
.
The following notations are introduced here:
Dj = ω
2
νj
(
1− δ⊥j − δ||j
)
− ωj1ωj2
(
1− δ||j
)
− iωνj (ωj1 − ωj2) δrθj ,
Fj1r = Gj1r +Qj1r =
qj
mj
E1r
(
1− nθ
vj0θ
c
)
+
qj
mj
E1θnr
vj0θ
c
+Qj1r,
Fj1θ = Gj1θ +Qj1θ =
qj
mj
E1θ
(
1− nr
vj0r
c
)
+
qj
mj
E1rnθ
vj0r
c
+Qj1θ,
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Fj1z = Gj1z +Qj1z =
qj
mj
E1z
ωj
ω
+
qj
mj
E1vj0
nz
c
+Qj1z.
ωνj = ωj + iνj , ωj = ω − kvj0,
ωj1 = ωcj + 2Ωj, ωj2 = ωcj + κ
2
j/2Ωj ,
Ωj =
vj0θ
r
, κ2j = (2Ωj/r)∂(r
2Ωj)/∂r,
δlmj =
klkmv
2
⊥j
ωjωνj
, δlz⊥j =
klkzv
2
⊥j
ωjωνj
, δlz||j =
klkzv
2
||j
ωjωνj
, δ⊥j = δrrj + δθθj, δ||j =
k2zv
2
||j
ωjωνj
,
where l, m = r, θ and
v2⊥j =
γ⊥jT⊥0j
mj
, v2||j =
γ||jT||0j
mj
.
Here T⊥0j and T||0j are the unperturbed temperatures of species j across (⊥) and along (||)
the magnetic field B0.
APPENDIX C
The system of equations for perturbations of ions and dust grains
Solutions given in the Appendix B at taking into account collisions of neutrals with ions
and dust grains simultaneously and neglecting the thermal effects, result in the following
system of equations for perturbations of ions and dust grains:
Divi1r + adrvd1r + adθ1vd1θ − bdr
nd1
nd0
= −Hi1r,
Divi1θ − adθ2vd1r + adrvd1θ − bdθ
nd1
nd0
= −Hi1θ,
ω2νivi1z + adrvd1z = iGi1zωνi,
(kradr − kθadθ2) vd1r + (kθadr + kradθ1) vd1θ + ωiDi
ni1
ni0
− kbd
nd1
nd0
= −kHi1, (C1)
Ddvd1r + airvi1r + aiθ1vi1θ − bir
ni1
ni0
= −Hd1r,
Ddvd1θ − aiθ2vi1r + airvi1θ − biθ
ni1
ni0
= −Hd1θ,
ω2νdvd1z + airvi1z = iGd1zωνd,
(krair − kθaiθ2) vi1r + (kθair + kraiθ1) vi1θ + ωdDd
nd1
nd0
− kbi
ni1
ni0
= −kHd1. (C2)
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Here Di,d = ω
2
νi,d − ωi,d1ωi,d2. The following notations are introduced above:
Hi1r = −iωνiGi1r + ωi1Gi1θ, Hi1θ = −ωi2Gi1r − iωνiGi1θ,
Hd1r = −iωνdGd1r + ωd1Gd1θ, Hd1θ = −ωd2Gd1r − iωνdGd1θ.
Hi1z = −i
Di
ωνi
Gi1z + adr
Di
ω2νi
vd1z , Hd1z = −i
Dd
ωνd
Gd1z + air
Dd
ω2νd
vi1z.
air = ωνdµi, aiθ1 = iωd1µi, aiθ2 = iωd2µi, bir = −airwr − aiθ1wθ, biθ = −airwθ + aiθ2wr,
adr = ωνiµd, adθ1 = iωi1µd, adθ2 = iωi2µd, bdr = adrwr + adθ1wθ, bdθ = adrwθ − adθ2wr,
where w = vi0 − vd0 and
µi =
ν0dnν
0
ni
ωνn
, µd =
ν0inν
0
nd
ωνn
.
APPENDIX D
Solutions of the system of equations given in Appendix C in the case kz 6= 0,
kr = kθ = 0
The exact solutions of the system of equations given in the Appendix C for vi1r,θ in the
case kz 6= 0, kr = kθ = 0 have the form
Avi1r = − (ωνdλω + iωνiωd1ωd2)Gi1r − (Ddωi1 + µiµdωd1)Gi1θ
+µd (λω − iωi1ωd2)Gd1r + µd (ωνdωi1 + ωνiωd1)Gd1θ
−µiµdω
−1D−1i [wr (ωνiωνd − µiµd + ωi1ωd2) + iwθ (ωνdωi1 + ωνiωd1)] kzHi1z
− µdω
−1D−1d [wr (Ddωνi − µiµdωνd) + iwθ (Ddωi1 + µiµdωd1)] kzHd1z, (D1)
Avi1θ = (Ddωi2 + µiµdωd2)Gi1r − (ωνdλω + iωνiωd1ωd2)Gi1θ
−µd (ωνdωi2 + ωνiωd2)Gd1r + µd (λω − iωi2ωd1)Gd1θ
−µiµdω
−1D−1i [−iwr (ωνdωi2 + ωνiωd2) + wθ (ωνiωνd − µiµd + ωi2ωd1)] kzHi1z
− µdω
−1D−1d [−iwr (Ddωi2 + µiµdωd2) + wθ (Ddωνi − µiµdωνd)] kzHd1z, (D2)
where the value λω is equal to
iλω = ωνiωνd − µiµd.
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The value A (the determinant of the system is equal to Aω2D2iD
2
d) has the form
A = −λ2ω − ω
2
νdωi1ωi2 − ω
2
νiωd1ωd2 + ωi1ωi2ωd1ωd2 (D3)
−µiµd (ωi2ωd1 + ωi1ωd2) .
The solutions for vd1r,θ are obtained from Eqs. (D.1) and (D.2) under substitution the
index i by the index d, and vice versa.
The solutions for the velocities vi1z and vd1z are the following:
λωvi1z = ωνdGi1z − µdGd1z ,
λωvd1z = ωνiGd1z − µiGi1z. (D4)
APPENDIX E
General solutions for the perturbed electron velocity in the case kz 6= 0, kr = kθ = 0
From the solutions given in the Appendix B, we obtain the following expressions for the
perturbed velocities of the cold electrons:
Deve1r = −He1r − µeiωνevi1r − iµeiωe1vi1θ − µedωνevd1r − iµedωe1vd1θ,
Deve1θ = −He1θ + iµeiωe2vi1r − µeiωνevi1θ + iµedωe2vd1r − µedωνevd1θ,
ve1z =
i
ωνe
Ge1z +
1
ωνeλω
[(µiµed − ωνdµei)Gi1z + (µdµei − ωνiµed)Gd1z] ,
where
µei =
ν0enν
0
ni
ωνn
, µed =
ν0enν
0
nd
ωνn
.
APPENDIX F
Values Wrr,θ, Wθr,θ, Wzrr,θ,z, Wzθr,θ,z, and Wzzr,θ,z in the general form
Values Wrr,θ and Wθr,θ in the general form are the following:
Wrr = Wθθ = λω (qini0ωνd − qdnd0µi) + qene0
ηω
De
αr1 + qene0iωνe
ωce
Deωci
△,
Wrθ = −Wθr = ωνdωci (qini0ωνd − qdnd0µi) + qene0
ηω
De
αr2 − qene0
ω2ce
Deωci
△,
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where
αr1 = λωωνe − iωνdωceωci,
αr2 = iλωωce + ωνdωνeωci.
The electron terms proportional to αr1,2 are connected with the influence of the neutral-ion
and neutral-dust collisions on the collisions of electrons with neutrals.
Values Wzrr,θ,z, Wzθr,θ,z, and Wzzr,θ,z in the general form are the following:
Wzrr = β1
n2z
c2
(
ibrzvi0r − v
2
e0r
)
,Wzrθ = β1
n2z
c2
(ibrzvi0θ − ve0rve0θ) ,Wzrz = β1
nz
c
(ibrz − ve0r) ,
Wzθr = β1
n2z
c2
(ibθzvi0r − ve0rve0θ) ,Wzθθ = β1
n2z
c2
(
ibθzvi0θ − v
2
e0θ
)
,Wzθz = β1
nz
c
(ibθz − ve0θ) ,
Wzzr = β1
nz
c
(ibzzvi0r − ve0r) ,Wzzθ = β1
nz
c
(ibzzvi0θ − ve0θ) ,Wzzz = β1 (ibzz − 1) .
Here:
β1 =
1
4pii
ω2pe
ωνe
,
br,θ,zz =
ωνesr,θ,zz
λω
ωci
ωce
,
where
srz =
1
qene0
(qini0ωνd − qdnd0µi) vi0r +
ηω
Deωνe
(ωνeεer +Deve0r) ,
sθz =
1
qene0
(qini0ωνd − qdnd0µi) vi0θ +
ηω
Deωνe
(ωνeεeθ +Deve0θ) ,
szz =
1
qene0
(qini0ωνd − qdnd0µi) +
ηω
ωνe
.
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